Recently, we prioritized 160 schizophrenia candidate genes (SZGenes) by integrating multiple lines of evidence and subsequently identified twenty-four pathways in which these 160 genes are overrepresented. Among them, four neurotransmitter-related pathways were top ranked. In this study, we extended our previous pathway analysis by applying a systems biology approach to identifying candidate genes for schizophrenia. We constructed protein-protein interaction subnetworks for four neurotransmitter-related pathways and merged them to obtain a general neurotransmitter network, from which five candidate genes stood out. We tested the association of four genes (GRB2, HSPA5, YWHAG, and YWHAZ) in the Irish CaseControl Study of Schizophrenia (ICCSS) sample (1021 cases and 626 controls). Interestingly, six of the seven tested SNPs in GRB2 showed significant signal, two of which (rs7207618 and rs9912608) remained significant after permutation test or Bonferroni correction, suggesting that GRB2 might be a risk gene for schizophrenia in Irish population. To our knowledge, this is the first report of GRB2 being significantly associated with schizophrenia in a specific population. Our results suggest that the systems biology approach is promising for identification of candidate genes and understanding the etiology of complex diseases.
Introduction
Schizophrenia is a severe mental disorder with a high degree of heritability. Recent studies suggest that this heritability may be due to many genes of very small effect, interacting with each other and with environmental risk factors Purcell et al., 2009; Ruano et al., 2010) . It is also likely that rare alleles of genetic variants, even specific to single patients or families, might be highly penetrant and contribute the disease risk with more substantial effect (McClellan et al., 2007) . Such rare variants can be either single nucleotide polymorphisms (SNPs), copy number variations (CNVs) (Walsh et al., 2008) , or both. Therefore, detection of specific causal genes/loci for this disease remains a great challenge but is essential for understanding the pathogenesis of schizophrenia (Ross et al., 2006) . Traditionally, candidate gene selection in an association study is based on prior knowledge of physiological, biochemical or functional aspects of candidate gene products. Recent advances in genomics technologies, especially genome-wide association (GWA) and expression studies performed on microarrays have generated numerous unbiased, genome-wide datasets. The combination of such genomic, transcriptomic, proteomic, and metabolomic data may provide us a new paradigm to search for disease candidate genes (Giegling et al., 2008) .
We hypothesized that many genes, each of which might contribute a small or moderate risk to schizophrenia, may contribute major risk through their interaction and combined effects. Accordingly, we attempted to select novel candidate genes from the networks/pathways constructed by the genes that have been implicated for schizophrenia. Recently, we prioritized 160 schizophrenia candidate genes (SZGenes) by a multi-dimensional evidence-based candidate gene prioritization approach . Our follow up pathway enrichment analysis suggested that 24 pathways are significantly overrepresented in this set of 160 genes (Sun et al., 2010) . Among the 24 pathways, four neurotransmitter-related pathways were top ranked; they are glutamate receptor signaling (ranked 1st), serotonin receptor signaling (2nd), GABA receptor signaling (5th) and dopamine receptor signaling (7th). This result reflects investigators' decades-long investigation of the role of various neurotransmitters in the etiology of schizophrenia (Miyamoto et al., 2003) . We next mapped SZGenes included in these four neurotransmitterrelated pathways into the whole human protein-protein interaction (PPI) network (Sun et al., 2010) and then reconstructed a subnetwork for each pathway using the Steiner minimal tree algorithm (Klein and Ravi 1995) . The four subnetworks that reflect individual neurotransmitters were subsequently merged into one general neurotransmitter network. For better visualization, this neurotransmitter network was graphically presented by using software Cytoscape (Shannon et al., 2003) . Fig. 1 shows that this network comprises 50 nodes (i.e., proteins encoded by genes) and 61 PPI pairs.
Among the 50 nodes, 32 (labeled in red in Fig. 1 ) were from the list of the 160 SZGenes, suggesting that this approach is effective in clustering informative genes. The over-representation of SZGenes in the neurotransmitter network is statistically significant from the remaining human protein-coding genes collected in the human PPI network (χ 2 test, P b 10 − 4 ). The remaining 18 nodes (labeled in grey) were considered potential candidate genes, since they interact strongly with the genes with prior evidence. Among the 18 genes, five were selected based on their prevalence in the four neurotransmitter related subnetworks: growth factor receptor-bound protein 2 (GRB2,17p24-q23, MIM: 108355) appeared in all four subnetworks; heat shock 70 kDa protein 5 (HSPA5, 9q34, MIM: 138120), tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta polypeptide (YWHAZ, 8q22.3, MIM: 601288) , and protein kinase C, beta (PRKCB, 16p11.2, MIM: 176970) appeared in three subnetworks; and tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, gamma polypeptide (YWHAG, 7q11.23, MIM: 605356) appeared in two subnetworks. The overlap between subnetworks might imply that these five proteins are more functionally important than the others in the neurotransmitter related biological processes. We describe these five proteins and their genes below. GRB2 is central to the general neurotransmitter network we constructed (Fig. 1) . It is involved in neuron signal transduction and regulates neuron morphology during neural development (Lowenstein et al., 1992) . GRB2 is widely known as an adaptor molecule that mediates protein-protein Fig. 1 . A merged protein-protein interaction network based on four neurotransmitter receptor signaling pathways. P1 represents glutamate receptor signaling, P2 represents GABA receptor signaling, P3 represents serotonin receptor signaling, and P4 represents dopamine receptor signaling. Nodes in red denote SZGenes (schizophrenia candidate genes from our previous work, see text) and nodes in grey denote novel candidate genes recruited by network construction. Node size is relative to its frequency appearing in the four neurotransmitter-related pathways (e.g., GRB2 appeared in all four pathways). A green edge indicates its interaction appeared 3 times in the four pathways, a blue edge indicates twice, and a grey edge indicates once.
interactions (Lowenstein et al., 1992; Takenawa et al., 1998) . GRB2 was recently found to interact with the protein encoded by Disrupted-in-Schizophrenia 1 (DISC1), one of prominent schizophrenia susceptibility genes (Shinoda et al., 2007) . In humans, this interaction has not been reported. Our literature survey found only one previous association study of GRB2 gene with schizophrenia, performed in a Japanese population, but the result failed to reach statistical significance (Ikeda et al., 2008) .
HSPA5, a heat-shock protein-70 (HSP70) family member, is involved in protein folding and assembly in the endoplasmic reticulum (ER). Non-competitive N-methyl-D-aspartate (NMDA) receptor antagonists, which can induce schizophrenia-like psychosis in humans, induce HSP70 in the posterior cingulated and retrosplenial cortex of rat brain (Hashimoto et al., 1996) . The expression of HSP70 induced by MK-801 (dizocilpine, a NMDA receptor antagonist) was reversed under the antipsychotic drug treatment in rat C6 glioma cells (Roh et al., 2008) . These studies suggest that HSP70 might play an important role in schizophrenia pathophysiology. We found a previous report of HSPA5 as a genetic risk factor of bipolar disorder in a Japanese population (Kakiuchi et al., 2005) .
YWHAG and YWHAZ belong to the family of YWHA (tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation) proteins, which includes seven molecules (YWHAB, YWHAE, YWHAG, YWHAH, YWHAQ, YWHAS, and YWHAZ) in mammals (Fu et al., 2000) . YWHA genes are abundantly expressed in human brain and mediate signal transduction through binding to phosphoserine-containing proteins (Umahara and Uchihara 2010). YWHA genes have been widely studied for the association with schizophrenia, because their products are involved in many biological processes, especially in neurotransmission (Berg et al., 2003) . According to the SchizophreniaGene database (http://www.schizophreniaforum.org/res/sczgene/), five genes (YWHAB, YWHAE, YWHAG, YWHAH, and YWHAZ) have been studied for schizophrenia, three of which (YWHAE, YWHAH, and YWHAZ) had positive association results (Bell et al., 2000; Ikeda et al., 2008; Wong et al., 2005) .
PRKCB, a member of the protein kinase C (PKC) family, is thought to be involved in neuronal signaling and mediating appropriate formation of the neural tube in mouse (Cogram et al., 2004) . There are no reports of association studies of PRKCB and schizophrenia yet, but PRKCB was recently reported to be associated with autistic disorder and to have reduced expression at superior temporal gyrus in autistic patients (Lintas et al., 2009) .
To demonstrate the effectiveness of our network/pathway-based candidate gene selection approach, we selected four of the above genes (GRB2, HSPA5, YWHAG, and YWHAZ) to test for association with schizophrenia in our Irish CaseControl Study of Schizophrenia (ICCSS) sample. We had limited resources for genotyping in this study and so did not include PRKCB due to its large size (384.6 kb).
Materials and methods

Signals of the general neurotransmitter network in GWAS datasets
The general neurotransmitter network includes 50 nodes. It was important to examine genetic signals (e.g. nominal P values at the SNP and gene levels) from those genes from multiple GWAS datasets. We used three available schizophrenia GWAS datasets: GAIN (Genetic Association Information Network) (Manolio et al., 2007) , nonGAIN (Shi et al., 2009) , and CATIE (Clinical Antipsychotic Trials of Intervention Effectiveness) (Sullivan et al., 2008) . We used PLINK software to conduct the GWA data analysis to obtain nominal P-values (Purcell et al., 2007) . The detailed procedure was provided in our recent work . To obtain a gene-wise P-value for each gene, we chose its smallest nominal P-value among all the markers mapped to the gene region to represent the association significance of the gene with schizophrenia. We did not use ISC, SGENE, or PGC GWAS datasets because they were not publicly available.
The Irish Case-Control Study of Schizophrenia (ICCSS) sample
We used the ICCSS sample, which includes 1021 cases (68% males and 32% females) and 626 controls (55% males and 45% females), in our association study. The ICCSS sample has been described in detail in previous reports (e.g., Chen et al., 2007; Riley et al., 2009) . Briefly, cases were ascertained from in-and out-patient psychiatric facilities in the Republic of Ireland and Northern Ireland. Subjects were eligible for inclusion if 1) they had a diagnosis of schizophrenia or poor-outcome schizoaffective disorder by DSM-III-R criteria that was confirmed by a blind expert diagnostic review and 2) reported all four grandparents as being born in Ireland or the United Kingdom. Detailed personal interviews and hospital record rating forms were completed for each proband. Controls were recruited from donors from the Northern Ireland Blood Transfusion Service (N= 554), the Irish national police (N= 38) and army reserve (N= 34). Controls were briefly screened and were eligible for inclusion if they denied any history of psychotic illness and reported all four grandparents as being born in Ireland or the United Kingdom. Recorded sex was verified by X/Y genotypes. This sample has ≥78% power to detect effects with minor allele frequency (MAF) ≥ 20% and a genotype relative risk ≥1.3 (Riley et al., 2009 ). All participating individuals gave appropriate informed consent for inclusion in the study. Ireland has had a stable, homogeneous population for approximately 15,000 years, with a genetic structure minimally influenced by human migrations over the last three millennia (CavalliSforza et al., 1994; Riley et al., 2009 ). According to the experience of the blood bank staff, non-Irish donors are very rare, in agreement with the history of minimal in-migration to Ireland. Those non-Irish donors would have been excluded on the basis of questions about their grandparents.
Marker selection and genotyping
To select tags for genotyping in our sample, we first retrieved genotype data of the markers located in gene regions including exons, introns, and 10 kb of flanking sequence both upstream and downstream of the genes from the HapMap phase II European genotype dataset (release # 22, http://hapmap.ncbi.nlm.nih.gov/). Then, we selected tag SNPs using the computer program Haploview v4.2 (Barrett et al., 2005) . Specifically, we first selected SNP markers with MAF N0.1 and then used pair-wise tagging in the Tagger module implemented in the program to select SNPs that could capture N80% of the markers with r 2 N 0.8. We obtained a total of 15 tag SNPs including 7 SNPs in GRB2, 2 SNPs in HSPA5, 3 SNPs in YWHAG, and 3 SNPs in YWHAZ, respectively. We genotyped these SNPs using the TaqMan method, as detailed in Pham et al. (2009) . We genotyped 41 samples (11 cases and 30 controls) in duplicate and used discordant genotypes in these duplicates to estimate genotyping error rates.
Statistical analysis
SNPs and haplotypes were analyzed in Haploview v4.2 (Barrett et al., 2005) . We excluded individuals missing N50% of genotypes, SNPs showing significant (P b 0.001) departures from Hardy-Weinberg Equilibrium (HWE), or SNPs with minor allele frequency (MAF) less than 0.05. We further compared the linkage disequilibrium (LD) of ICCSS data with that of HapMap-CEU data. Haplotype analysis was performed within blocks defined by the default confidence-interval method implemented in Haploview v4.2 (Gabriel et al., 2002) . We conducted permutation tests using 100,000 replicates to assess the empirical significance of cases and controls.
Results
Survey of association signal in the general neurotransmitter network
As shown in Fig. 1 , the general neurotransmitter network comprised 32 SZGenes and 18 non-SZGenes. To evaluate our strategy on identifying novel candidate genes from this combined network, we surveyed their genetic association signal from previous studies or other sources. First, among the 32 SZGenes, 8 (COMT, DRD2, DRD4, GABRB2, GRIK3, GRIN2B, HTR2A, and TPH1) belonged to the top genes in the SchizophreniaGene database. The database listed 40 top genes according to the most updated data (http://www. schizophreniaforum.org/res/sczgene/, as of March 13, 2010), which were selected based on meta-analysis and then ranked by epidemiological credibility of genetic association studies developed by the Human Genome Epidemiology Network (Ioannidis et al., 2008) . In addition, other 16 genes had at least 2 positive reports based on the association studies collected in the SchizophreniaGene database. On the contrary, among the 18 non-SZGenes, only 3 had positive association results with schizophrenia (GRIK2: 1 study; YWHAZ: 3 studies; and EGFR: 1 study).
Second, we examined gene-wise association signal of the 50 genes in the network using three independent GWAS datasets for schizophrenia (GAIN, nonGAIN, and CATIE). Supplementary Table 1 summarizes their smallest nominal P-values. Among the 50 genes, 47 were included in the three GWAS datasets. Among them, 38 had at least one SNP with P-value less than 0.05. Specifically, 12 genes (25.5%) had gene-wise P-values less than 0.05 in three datasets, 9 (19.1%) in two datasets, and 17 (36.2%) in one dataset. We also compared the proportion of genes with P-values less than 0.05, 0.01, and 0.001 among all genes from three GWAS datasets with that of the 50 subnetwork genes (Supplementary Fig. 1 ). The network has more genes with P-values less than 0.05, 0.01 and 0.001 compared to the overall genome in three GWAS datasets, respectively. These observations suggest that the general neurotransmitter network might enrich genes with small P-values in the human genome. However, this information should be used with caution because of the bias of gene size. The 50 genes (average gene length: 192.8 kb) were overall much longer than the remaining human genes (60.7 kb). Thus, the subnetwork genes might have a better chance of obtaining small P-values.
Specifically, for the four genes that we selected for genotyping in the present study, there were 22 SNPs in GRB2 that had been tested in at least one of the three GWA studies, 4 SNPs in HSPA5, 10 SNPs in YWHAG, and 10 SNPs in YWHAZ. The P-values of those SNPs in the three GWAS datasets were not promising: only one SNP in GRB2 and one SNP in HSPA5 had nominal P-value less than 0.05 in any GWAS dataset (GRB2: rs12603538, P = 0.0272, CATIE; HSPA5: rs3739554, P = 0.0397, CATIE; see Supplementary Table 1) . Thus, genetic signals from GWA studies provided very weak support of these four candidate genes. In the next subsections, we tested association of the four genes with schizophrenia using our ICCSS sample.
Genotyping in the ICCSS sample: missingness and error rates
In total, 34/1647 samples (2.06%, 20 cases and 14 controls) were excluded due to missing data. Results are based on 1001 cases and 612 controls (N = 1613), 1235 samples (74.98%) missing zero, 220 (13.36%) missing one, 85 (5.16%) missing two, 33 (2.00%) missing three, 20 (1.21%) missing four, and 20 (1.21%) missing 5 to 7 markers. By marker, average genotyping completion was 95.74% (93.45-97.03%). We genotype 15 SNPs × 41 samples in duplicate (N = 615 genotype pairs); 12 were discordant, estimating our genotyping error rate at 1.95%. This rate is slightly higher than normal in our lab, but we noted that two markers in YWHAG (rs11765693 and rs17149177) accounted for 5 of the discordant genotypes and had higher rates of missing data than other SNPs studied. Neither of these two markers contributed association evidence, and when they were excluded, 7/533 (13 × 41) duplicate pairs were discordant (1.31%). All markers satisfied the HWE criteria.
Single marker analysis in the ICCSS sample
In this study, we genotyped 15 tag SNPs in four candidate genes GRB2, HSPA5, YWHAG, and YWHAZ in the ICCSS sample. Table 1 shows the results of single marker analysis. We observed seven SNPs showing significant association with schizophrenia, six of which are in GRB2 and one in YWHAZ. We detect no significant association signal from markers in HSPA5 or YWHAG. Six out of the seven genotyped SNPs in GRB2 (rs7207618, rs12600908, rs9912608, rs4789176, rs4350602, and rs4788891) showed evidence of association and one (rs4789172) missed this significance threshold marginally. Among them, rs7207618 (C/T) had the strongest association with schizophrenia, with C allele frequency of 0.80 in patients and 0.75 in controls (χ 2 = 13.904, P = 0.0003, odds ratio (OR) = 1.37). Furthermore, two SNPs in GRB2 (rs7207618 and rs9912608) remained significant (P = 0.0035 and 0.0276, respectively) after 100,000 permutations. These two SNPs were also significant after Bonferroni correction. The two SNPs are in strong linkage disequilibrium (D′ = 0.996) and, thus, their association tests with schizophrenia are non-independent. In YWHAZ, one SNP (rs4734497) was found to be associated with schizophrenia at nominal significance level (P = 0.0224, Table 1 ), but did not remain significant after permutation testing.
Haplotype analysis of GRB2 and YWHAZ in the ICCSS sample
We examined LD and haplotype structures of GRB2 and YWHAZ by software Haploview using the genotype data from the ICCSS sample. In GRB2, SNPs 1-2 (rs7207618 and rs12600908) and SNPs 3-6 (rs9912608, rs4789172, rs4789176, and rs4350602) constitute two LD blocks (Fig. 2) . The LD pattern observed in the ICCSS sample was similar to that observed in the HapMap CEU sample. In YWHAZ, SNPs 2-3 (rs4734497 and rs1470764) constitute one LD block. Table 2 shows the results of haplotype analysis. We observed evidence of association between schizophrenia and five GRB2 haplotypes and two YWHAZ haplotypes at nominal significance level of P b 0.05. However, after 100,000 permutations, only one haplotype, rs7207618-rs12600908 in GRB2, remained significant (χ 2 = 13.94, P = 0.0003, permutation P = 0.0035, OR = 1.34). Note that the significance of this haplotype was largely driven by the SNP rs7207618, which is the most significant GRB2 marker and it alone could reach a similar significance level (OR = 0.73, P =0.0003, Table 1 ).
Discussion
In this study, we proposed a unique approach to selecting novel candidate genes for schizophrenia based on gene network and pathway analysis. Our approach is different from the traditional candidate gene screening, which employs prior biological knowledge to select novel candidate genes. The hypothesis underlying this approach is that multiple genes, each of which might contribute a small effect by itself, interact with each other to increase risk of schizophrenia. These genes might be functionally linked through the same or related pathways/networks. Further investigation of these pathways/ networks, especially the novel genes out of them, may accelerate our discovery of susceptibility genes for complex diseases and our understanding of disease etiology at the cellular level. Based on this approach, we selected four genes that are functionally important in our constructed general neurotransmitter network (Fig. 1) for validation in the ICCSS sample. These four genes have not been well studied for the association with schizophrenia and their association signal was weak in our survey of three GWAS datasets (see section 3.1). We confirmed GRB2 to be associated with schizophrenia using our ICCSS sample.
However, only one of the four novel genes we tested in this study was detected to be significantly associated with schizophrenia using our ICCSS sample. While this is still promising, several factors might have limited its effectiveness. First, in this study we tested only a few markers in three genes (HSPA5, YWHAG, and YWHAZ). Second, for the purpose of proof of concept, we selected the candidate genes that have not been studied (HSPA5 and YWHAG) or were reported negative or weak association (GRB2 and YWHAZ) with schizophrenia. Third, sample size in our study might not be large enough to gain power to detect association signal of the alleles that have moderate or small risk to a complex disease such as schizophrenia. Finally, biological data such as protein-protein interactions is still incomplete and with false-positives.
To further examine the association signal observed in our ICCSS sample, we performed a meta-analysis of the seven nominally significant SNPs (6 in GRB2 and 1 in YWHAZ, Table 1) with three GWA studies (GAIN, nonGAIN, and CATIE) . None of the seven SNPs was included in any of the three GWAS datasets. To estimate their genotypes in each GWA study, we performed an imputation analysis using the software IMPUTE v2.1.2 (Marchini et al., 2007) based on the HapMap phase II European ancestry genotype dataset (release #22). A genotype was accepted when its probability was N0.90. Then, we used the additive model implemented in software SNPTEST v2 to obtain statistical association values for each SNP in each GWA study. We next performed meta-analysis using the inverse variance method (based on random-effects model) implemented in software META v1.2 (Marchini et al., 2007) for each SNP whose imputed genotype data existed in at least 90% individuals. No SNP had a combined P-value less than 0.05. Our further examination found all the six SNPs in GRB2 presented flipflop of their risk alleles in the four datasets (three GWAS datasets and ICCSS dataset), which substantially weakened the overall association. Furthermore, the P-values of those six SNPs in GRB2 varied greatly among the four datasets, especially SNPs rs7207618 and rs9912608, whose heterogeneity tests were significant (Cochran's Q-test P-values were 0.0061 and 0.0257, respectively). Population stratification is a critical issue in detecting risk genes/loci (Oquendo et al., 2010) . Our preliminary meta-analysis indicated that phenotypes and population substructures among the four studies (ICCSS, GAIN, nonGAIN, and CATIE) might be complicated and needs further cleaning.
Other possible reasons of meta-analysis failure include: 1) risk allele(s) in GRB2 might depend on population and our results were Irish-specific; 2) our results in ICCSS sample were false positives; and 3) imputing process generated inaccurate genotypes in the samples of the three GWA studies. We also tested the epistatic interactions of the four genes using the genotype data in ICCSS sample and software PLINK v1.07 (Purcell et al., 2007) . Among the 105 possible SNP-SNP interaction pairs we tested, only three (rs13254653-rs4789172, rs1470764-rs4789172, and rs13254653-rs391957) had nominal P-values less than 0.05, none of which could survive after Bonferroni multiple test correction.
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